The purpose of this study was to evaluate the toxicity and potential carcinogenicity or cocarcinogenicity of ozone exposure in rats. Fischer-344/N (F-344/N) rats were exposed 6 hr/day, 5 days/wk, to 0, 0.12, 0.5, or 1.0 ppm ozone by inhalation for 2-yr and lifetime exposures. The cocarcinogenicity study included subcutaneous administration of 0, 0.1, or 1.0 mg/kg body weight of 4-( N -nitrosomethylamino)-1-(3-pyridyl)-1-butanone (NNK) and inhalation of 0 or 0.5 ppm ozone to male rats. NNK was administered by subcutaneous injections 3 times per week for the first 20 wk with ozone inhalation exposure. The ozone inhalation exposure was for 2 yr (104 wk), including the first 20 wk of NNK treatment and continuing for 84 wk after the last NNK injection. Ozone exposure caused a concentration-related increase in inflammation of the centriacinar region of the lung. There was also increased fibrosis and an extension of the bronchiolar epithelium in these centriacinar regions to involve the proximal alveoli. There was no increased incidence of neoplasms at any site, including the lung, that was associated with ozone exposure. Rats administered 1.0 mg/kg body weight NNK alone had an increased incidence of bronchiolar/alveolar neoplasms, but this effect was not enhanced by ozone exposure. Ozone exposure for 2 yr and lifetime was associated with site-specific toxic alterations in the nasal passage and lung similar to those previously described for short-term exposures.
INTRODUCTION
For many years, growing concern over the health effects of oxidant air pollutants has stimulated considerable research (3, 6, 10, 12, 24, 29) . Recently, the State of California and the Health Effects Institute (HEI) (a nonprofit research institute funded jointly by the Environmental Protection Agency [EPA] and the Combustible Engine Manufacturers) nominated ozone to the National Toxicology Program (NTP) to provide the data needed so that policy decisions could be based on data from long-term exposures. The NTP study designs were a result of a series of meetings held at the National Institute of Environmental Health Sciences (NIEHS) with scientists from the EPA. HEI, NIEHS, and universities.
The NTP 2-yr studies included the current Na-tional Ambient Air Quality Standard for Ozone (0.12 ppm). the maximum concentration considered to be compatible with long-term survival ( 1.0 ppm), and an intermediate concentration (0.5 ppm). During the study design phase, a second ozone inhalation study was included in which 0.5 and 1.0 ppm groups were continued to 30 mo based on recent diesel exhaust studies in which the majority oflung tumors occurred after 24 mo of exposure (27) . An important aspect of the carcinogenicity study was to determine whether ozone had promotional or cocarcinogenic potential. Therefore, a third study was included in which the male rats were administered 2 concentrations of a known pulmonary carcinogen, 4-(Nnitrosomethylamino)-1-(3-pyridyl)-I -butanone (NNK), and exposed to 0.5 ppm ozone. This tobacco-specific nitrosamine was considered relevant because recent studies have demonstrated the potential mechanism of NNK carcinogenesis { 1, 5, 19) .
MATERIALS AND METHODS

Study Design. Groups of 5 male and 5 female
Fischer-344/N (F-344/N) rats were exposed to 0, 0.5, and 1.0 ppm ozone 6 hr/day, 5 days/wk, for a total of 20 days to assure that the higher ozone concentrations were compatible with survival in this strain. Two-year and lifetime studies included 50 animals per sex per exposure group. There were 4 exposure groups for 2-yr studies (0, 0.12, 0.5, and 1.0 ppm ozone) and 3 for lifetime studies (0, 0.5, and 1.0 ppm). The NNK studies were conducted in male rats only with 2 ozone exposure groups (0 and 0.5 ppm) and 3 NNK levels (0, 0.1, and 1.0 mg/kg).
The ozone/NNK studies included 20 wk of ozone/ NNK exposure followed by 84 wk of ozone alone. Surviving rats were sacrificed 2 yr after initiating exposures.
Animals. Male F-344/N rats were obtained from Simonsen Laboratories (Gilroy, CA) at 4-S wk of age. Animals were randomly assigned to ozone exposure or control groups after a 10-14-day quarantine period. Animals were housed in modified Hazelton 2000 inhalation chambers and exposed to either ozone or filtered air for 6 hr/day, 5 days/wk, for 2 yr or the lifetime of the rats (studies were terminated at 124 wk with 1 male and 6 or 7 females per group remaining). Statistical Analysis. Differences in survival were analyzed by life table methods (7) . Tumor incidence data were analyzed by survival-adjusted methods (16) and by Fisher's exact tests and Cochran-Armitage trend tests based on the overall proportion of tumor-bearing animals (11 (33) and in a NTP technical report (30) . Because of the reactivity of ozone, once animals were added to the chambers ozone, it was necessary to add a recirculation fan to increase the circulation in the chamber 5-fold and reach the desired ozone chamber concentration and uniformity ( Fig. 1 ). NNK Exposure. NNK was obtained from Chemsyn Science Laboratories (Lenexa, KS) in 1 lot. The purity was determined by Karl Fischer water analysis, thin-layer chromatography, and high-performance liquid chromatography (HPLC) to be greater than 99%. Dose formulations were prepared every 3 wk and stability analysis was performed by HPLC. Stability was confirmed for 3 wk when stored at room temperature. During the first 20 wk of the ozone exposure, the NNK study rats were injected subcutaneously with 0, 0.1, or 1.0 mg NNK per kg body weight in trioctanoin 3 times weekly. Dose formulations were adjusted weekly so that each animal including controls received 0.1 ml trioctanoin each time.
Tissue Preparation and Histological Evaluation.
All animals found moribund or dead and those at terminal sacrifice were subjected to a complete necropsy. Approximately 43 tissues and all gross lesions were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 5 Am, and stained with hematoxylin and eosin for histopathological examination. Three levels of nasal passage were prepared for examination, first by decalcification of the head, and then by making 3 separate sections of the nasal passage at (I) the level of the incisor teeth, (II) midway between the incisors and the first molar, and (III) the middle of the second molar. Sections of 3 levels of larynx were prepared and examined following the method of Renne et al (34) and included the base of the epiglottis, ventral pouches, and vocal processes. Sections of the lung included an entire coronal (perpendicular to the saggital plane and parallel to the long axis of the body) section of both the right lobes and the left lobe. Lesions were diagnosed using standard morphologic criteria as has been developed by NTP pathologists (2). These criteria are similar to those being developed and published by the Society of Toxicological Pathologists.
RESULTS
Ozone Concentrations
At the air flow used, a chamber T 90 (the time it takes chamber concentration to reach 90% of the desired concentration) was estimated to be approximately 12 min; however, because of the reactivity of ozone, it was necessary to continually adjust the ozone flow during the chamber buildup each day. The T90 for the lifetime rat chambers was approximately 30 min, whereas for the 2-yr rat chambers the T 90 was 14-22 min. The To ranged from 5 to 7 min. The between-port variability was measured quarterly during the lifetime and 2-yr studies. The maximum between-land within-port variability was within 5% for all studies. The summary of chamber readings is shown in Table I , and more details are provided in a NTP technical report (30) . 
Survival and Body Weights
Ozone had no effect on survival for either male or female rats (Fig. 2 ). The mean body weights of the 0.1 ~-and 0.5-ppm males and females were similar to those of the controls throughout the studies while the body weights of males and females of the 1.0-ppm group were slightly lower (Fig. 3 ). In the lifetime study, survival rates were also similar to those of controls while body weights of the 1.0-ppm exposure groups were slightly lower than those of the controls (data not shown).
Nonneoplastic Lesions
Site-specific inflammatory, hyperplastic, and metaplastic lesions were seen in the nasal cavity, larynx, and centriacinar regions of the lung in the ozone-exposed animals (Table II ). In general, there was a very steep dose-response effect with few lesions occurring in rats exposed to 0.12 ppm and nearly all rats exposed to 0.5 ppm affected. At 1.0 ppm, the incidence of ozone-related lesions was often similar to that of the 0.5-ppm exposure group, but the severity and extent of the lesions were generally greater. The rats were weighed weekly for the first 13 wk, at 4-wk intervals to week 92, and biweekly for the final weeks of the study.
In the nasal passage, exposure to ozone was associated with goblet cell hyperplasia, transitional cell hyperplasia, and squamous metaplasia (Table  II) . These lesions involved the respiratory epithelium and the transitional (cuboidal) epithelium of the lateral walls, the maxilloturbinates, and the lateral side of the nasoturbinates in Levels I and II.
Transitional epithelial hyperplasia was characterized by an increased thickness of the cuboidal epithelium from 1 layer of cells to 2 or 3 layers ( Fig.  4 ). There were increased numbers of goblet cells among the hyperplastic and metaplastic respiratory epithelium. Goblet cells often occurred in clusters and formed acini ( Fig. 5 ). Squamous metaplasia of the respiratory epithelium was seen on the margins of the maxilloturbinates and at the margins of the respiratory epithelium adjacent to the nasal vestibule.
The ozone exposure also caused rhinitis characterized by a mixed infiltrate of lymphocytes, macrophages, and neutrophils in the lamina propria and atrophy of the bones of the turbinates, a change that has been described in more detail elsewhere (15) . In male rats exposed to ozone for 2 yr, there was an increase in mucosal neutrophils at Levels I and II in the nasal cavity. Increased inflammation of the nose was not seen in female rats in the 2-yr study nor in males or females in the lifetime study.
Ozone-related lesions were also present in the olfactory epithelium of the ethmoid turbinates at Level III of the nasal passage. At the end of 2 yr, essentially all rats (controls and exposed) had focal areas within the olfactory epithelium where the cy- c Metaplasia or extension of bronchial-type epithelium into the alveolar ducts and proximal alveoli in the centriacinar region of the lung.
FIG. 4.-Increased thickness of the transitional cell layer on the lateral wall of the nasal passage with some squamous metaplasia and sloughing of cells (arrow). Normally, the transitional cell layer is a single layer of cuboidal cells. Male rat exposed to 1.0 ppm ozone for 2 yr. toplasm of the epithelial cells contained variable-sized, brightly eosinophilic globules (hyaline degeneration).
The eosinophilic material often filled and distorted the cells. There was some atrophy and loss of olfactory epithelium in these areas. While the incidence was nearly 100% in all groups, the severity and extent of hyaline degeneration was greater in rats exposed to 0.5 and 1.0 ppm ozone (Table III) . Nearly all animals had an occasional olfactory epithelial cell containing eosinophilic cytoplasmic hyaline granules. This was judged to be minimal, when granules were easy to find, often one affected cell per high power microscopic field, the lesion was judged to be mild. Moderate lesions had multiple adjacent affected cells, whereas in marked lesions there were large confluent affected areas and the cells were often distorted by the numerous cytoplasmic granules.
In the lung, ozone-related lesions were centriacinar and varied in severity and generally were mild to moderate (Fig. 6 ), but occasionally more florid lesions were found. At 0.12 ppm, most rats did not have affected centriacinar that could be detected by routine histological examination, and in the affected rats only an occasional affected centriacinar region could be identified. At the other extreme, in rats exposed to 1.0 ppm ozone for 2 yr or lifetime, a majority of the centriacinar regions showed changes characteristic of ozone exposure. Increased numbers of alveolar macrophages were present in rats exposed to 0.5 and 1.0 ppm ozone but not in rats exposed to 0.12 ppm (Table II) . The macrophages were large, with prominent vacuolated cytoplasm, and occurred individually and in clusters in the alveolar lumen and terminal airways. Increased mucus was found in the centriacinar alveolar lumens and in the cytoplasm of the lining epithelial cells, a change that has been confirmed by morphometric studies (33) . Extension of the bronchial epithelium into alveolar ducts or metaplasia of the existing epithelium also occurred. This lesion consisted of a FIG. 5.-Clusters of goblet cells (arrows) that occurred within the respiratory epithelium on the nasoturbinates. Male F-344/N rat exposed for 2 yr. change in cells lining alveolar ducts and adjacent alveoli from predominantly squamous type I cells to plump cuboidal nonciliated to columnar occasionally ciliated cells similar to those found in the distal airways. Alveolar septa in these centriacinar lesions were occasionally thickened by eosinophilic fibers characteristic of collagen.
Squamous metaplasia of the epithelium at the base of the epiglottis occurred at approximately 85% incidence in male and female rats exposed to 1.0 ppm ozone for 2 yr or lifetime and was considered to be due to ozone exposure. The incidence at 0.5 ppm ozone was greater than 30% (except for females exposed for 2 yr) compared to approximately 5% in controls. Areas of squamous metaplasia had 1 or more superficial layers of flattened cells. Ciliated cells were absent in the areas of squamous metaplasia.
Neoplastic Lesions
The incidences of pulmonary neoplasms observed in the lung are shown in Table IV and included alveolar/bronchiolar adenomas and alveolar/bronchiolar carcinomas. All lesions were solitary, except in 1 male exposed to 1.0 ppm ozone for 2 yr that had multiple alveolar/bronchiolar adenomas. Adenomas were papillary to glandular usually with a uniform growth pattern that obliterated the underlying alveolar architecture. Carcinomas tended to invade the bronchial wall and project into the lumen. The incidence of neoplasms was not increased significantly with ozone exposure, and those occurring in ozone-exposed rats were morphologically similar to those in controls.
Cocarcinogenicity Study
Estimates of survival probabilities for male rats exposed to ozone and NNK, NNK alone, ozone alone, or controls were similar. The mean body weights of exposed and control groups were similar throughout the study. The final mean body weights were similar except for rats exposed to 1.0 mg/kg NNK plus 0.5 ppm ozone, which had slightly lower final body weights. The centriacinar pulmonary le-sions characteristic of ozone exposure were seen in all groups of rats exposed to ozone (with and without NNK) but were not seen in controls or in animals exposed to NNK alone. There was an increased incidence of atypical alveolar hyperplasia and alveolar/bronchiolar adenoma or carcinoma (combined) in rats administered 1.0 mg/kg NNK with or without exposure to ozone. Atypical hyperplasias occurred randomly within the pulmonary parenchyma without an apparent orientation to the conducting FIG. 6.-a) Increase in alveolar macrophages (arrow) at the bifurcation of the terminal bronchiole (TB). b) Clusters of bronchial epithelial cells (arrows) in the alveolar duct. Female F-344/N rat exposed to 1.0 ppm ozone for 2 yr. airways or acinar structures. Atypical alveolar hyperplasia consisted of multifocal proliferations of alveolar epithelial cells that sometimes distorted but did not obliterate the underlying alveolar architecture. In affected areas, alveolar septa were lined by multiple layers of pleomorphic epithelial cells. Increased numbers of alveolar macrophages were often present within the hyperplastic foci. There appeared to be a progression from these atypical hyperplasias to adenomas and to carcinomas in NNK-treated rats. Inhalation of ozone did not affect the incidence of atypical hyperplasia nor the incidence of pulmonary tumors in rats administered NNK (Table V) .
DISCUSSION
This study was designed to determine whether or not long-term ozone exposure would cause toxicity or alter cancer incidence in rats. Because it was possible that ozone could act as a cocarcinogen, we also evaluated whether ozone exposure would alter cancer incidence in rats concurrently exposed to NNK, a known pulmonary carcinogen. Ozone is the major oxidizing component in the type of air pollution known as photochemical smog. Numerous Americans are exposed to ozone levels at least once annually that exceed the EPA National Ambient Air Quality Standard for ozone, where the peak concentration of 0.12 ppm is not to be exceeded more than 1 time per year. In spite of the extensive human exposure to this common pollutant, there was a lack of long-term animal studies to evaluate this potential human hazard. Our rodent studies included 2-yr and lifetime mouse studies. There was a small increase in mouse pulmonary tumors (30) , which is currently under further investigation and will be reported separately.
Ozone is a highly reactive, unstable triatomic molecule that is formed naturally in the stratosphere by photodissociation of oxygen. Ozone is very unstable and is rapidly destroyed in reactions with a variety of components (25) in the exposure chambers, including the animals themselves. As such, uniform concentrations of ozone were difficult to achieve, especially in the 0.1 ~-ppm chamber. Uniform chamber concentrations were achieved by using a distribution manifold for mixing in conjunction with 15 air changes per hour for an empty chamber. Even with a distribution manifold, when chambers were filled with animals, concentrations of ozone in the lower ports were nearly undetectable for the 0.12-ppm chamber and not within 5% of the desired concentration for the other chambers. It was only possible to achieve chamber uniformity by adding a recirculation device so that the mass flow of ozone past the animals was significantly greater than the removal rate of the ozone (30) . We suggest that unless great care is taken most whole-body ozone inhalation studies will not have uniform chamber concentrations.
It was considered important to evaluate the carcinogenic potential of ozone at high concentrations and for prolonged periods so that the results would be credible if the study proved to be negative. In our 4-wk study, we found that the F-344/N rat could tolerate 1.0 ppm, and the long-term studies showed TABLE V.-Proliferative lung lesions in male rats in a 2-yr study of ozone/NNK. Abbreviation: Al/Br. = alveolar/bronchiolar.° NNK was given subcutaneously 3 times weekly at 0, 0.1. and 1.0 mgJkg for 20 wk while ozone exposure was 0 or 0.5 5 ppm 6 hr day. 5 days wk. for 104 wk.° Number of tumor-bearing animals. The number shows the number of rats with each tumor per exposure group. no decrease m survival tor any of the exposure groups. However, the 4-6% lower body weight in the 1.0-ppm exposure group and the nearly 100% incidence of pulmonary and nasal lesions suggests that a maximum concentration was reached in these studies. Generally, acute ozone exposure is more life-threatening than subsequent exposures because some adaptation occurs with continued exposure (29, 35) . Ozone concentrations of 2.0-4.0 ppm are acutely lethal to rodents (29) or cause significant pulmonary edema (18) , suggesting that concentrations higher than 1.0 ppm might not have been tolerated. Because of the late-occurring pulmonary tumors in diesel exhaust studies (27) , we also included lifetime studies. At 123 wk, when all male rats except 1 had died, and with 6 or 7 female rats remaining per exposure group, the study was terminated. The data from this study suggest that in this rat strain higher ozone concentrations or longer exposure periods are not feasible.
The toxicity of ozone in this study is consistent with shorter exposure duration studies (3, 6, 10, 18, 35) . Most of the toxicity of ozone is believed to be related to the reactive products formed by the absorbed ozone (25) . Thus, rate of absorption, location, and thickness of the lining fluid layer are important in determining the site specificity of ozone toxicity. In a study of absorption of the upper respiratory tract, Yokoyama and Frank (39) reported a 72% ozone uptake in the nasopharynx of beagle dogs. In the lower respiratory tract, the tissue dose is very low in the trachea, is maximum in the terminal bronchioles (because this is where the mucous blanket lining the airways ends), and decreases rapidly distally from this location ( 13, 21, 28, 31 ) . The distribution of the morphological lesions in the rats exposed for 2 yr or lifetime is consistent with this.
Most of the nasal epithelial changes were fou~iu on the tips of the turbinates and along the lateral wall where the air flow was the greatest and more anteriorly where the ozone concentrations were the highest. There was some squamous metaplasia of the respiratory epithelium adjacent to the vestibule and along the margins of the maxilloturbinate. The cuboidal (transitional) epithelium that occurs along the lateral wall of the nasal passage shows a marked proliferative response with short-term ozone exposure (20, 23) . Examination of rats from this study after 20 mo of exposure showed hyperplastic change along the lateral wall (14) . We also found hyperplasia at 2 yr and following lifetime ozone exposure, but there was no progression of hyperplasia to tumors. An adenoma of the nasal glands was found in 1 female after 2 yr in the 0.5-ppm exposure group, and 1 chondroma of the nose was found in a female rat in the lifetime study in the 1.0-ppm ozone ex-posure group. Unexpectedly, there was significant remodeling and loss of bone of nasal turbinates in the ozone-exposed animals (14, 15) .
The literature on the short-term toxicity of ozone in the lung is very extensive and has been summarized in an ozone criteria document (37) . All mammalian species studied generally react to inhaled ozone in a similar manner. Species variations are due to physiological and structural differences of the respiratory tract. Following acute ozone exposure in rodents and monkeys, the pulmonary changes are characterized by inflammation, increased protein in the bronchoalveolar fluid, degeneration and necrosis of airway-lining cells, and increased thickness of the alveolar septa (4, 8) . In the centriacinar region of the lung, which is the most sensitive site for ozone-induced toxicity, exposure to as little as 0.1 ppm ozone is associated with flattening of the Clara cells, loss of cilia in the terminal bronchioles, and influx of granulocytes and alveolar macrophages with reorganization of the epithelium of the airways (3). While there are some anatomical species differences, extension of the bronchial epithelium into the proximal alveolar ducts is also reported in nonhuman primates exposed to 0.64 ppm 03 for 1 yr (10) .
With continued exposure, much of the inflammatory response subsides, consistent with an adaptive response (35) . In this study, while some adaptation did occur, as evidenced by the extent of lesions seen at 4 wk, the lesions persisted and progressed with lifetime exposure. The degree of fibrosis found in the centriacinar regions following lifetime exposure was more severe than that found at 2 yr. Standard histological technique does not have the sensitivity for the detailed morphological analysis of the lung that is required to compare the longterm exposures with the detailed short-term studies.
Therefore, the NIEHS, in a collaborative effort with the HEI, added additional animals to the exposure chambers, which were provided to investigators after 20 mo of exposure. Twenty mo was considered to be the maximum exposure period during which the incidence of naturally occurring disease would still not be a major confounding factor. These evaluations have demonstrated reorganization of the centriacinar regions following ozone exposure with bronchiolar epithelium extending down into the alveolar ducts (32) . It appears that a greater degree of differentiation occurs with long-term exposures as opposed to short-term exposures, because cells with full-length cilia were found in the alveolar duct region following 20 mo of exposure to ozone. There was also a significant increase in nonciliated cell mass in the bronchiolarized alveolar ducts (33) . The HEI supported structural, functional, and biochemical studies in NTP rats exposed to ozone for 20 mo. Several of these studies have been published (14, 32, 33) while others are currently in preparation or in press. There have been limited studies on the potential carcinogenicity of ozone. Hassett et al (17) reported a slight increase in pulmonary adenomas in A/J mice following exposure to 0.31 and 0.5 ppm ozone alone. The study lacked statistical power because there were a limited number of mice and the results were based on tumors seen grossly. Swiss Webster mice exposed to 0.4 and 0.8 ppm ozone for 18 wk had no increase in pulmonary neoplasms (26) . In a 13-mo study, Ichinose and Sagai (22) reported no increase in lung neoplasms with 0.05 ppm ozone exposure in Wistar rats. In the current rat study, there was no evidence of an increase in pulmonary or nasal neoplasms in either male or female rats exposed to ozone for 2 yr or for the life of the animal. In a companion study, we observed an increase in pulmonary neoplasms in B6C3F1 I mice (30) . While there has been a dramatic increase in pulmonary tumors in humans during this century, the great majority has been linked to cigarette smoking (36) . There is no conclusive evidence to link ozone exposure to lung cancer in humans (38) .
Ozone has been reported to be mutagenic in Salmonella assays (9) and to form reactive products in the mucous layer (25) . Thus, it is possible that while ozone may not directly cause cancer it could enhance the carcinogenic process. To test this hypothesis, we selected NNK, a compound for which we had experience in the F-344/N rat (1) and because it caused molecular lesions in Clara cells (1) , also a target cell for ozone toxicity. We anticipated that of all the studies conducted this had the greatest possibility of having a positive response. However, the results of the current study of ozone and NNK clearly show no enhancing effect of ozone. At 0.1 mg/kg NNK, a background incidence of pulmonary neoplasms was seen in the NNK and ozone/NNK-exposed rats. At 1.0 mg/kg NNK, the incidence of pulmonary neoplasms was approximately 50% in each group, with no increase with ozone exposure.
The concentration of ozone (0. 5 ppm) clearly caused toxic lesions in the centriacinar region of the lung. We did not evaluate the 1.0-ppm ozone concentration, because at the initiation of the study we were not sure that rats could survive for prolonged periods at this concentration. We are of the opinion that the cocarcinogenic potential of ozone with NNK was adequately tested in our studies. Ichinose and Sagai (22) reported an increase in lung neoplasms in Wistar rats with 0.05 ppm ozone exposure following a single injection of N-bis (2-hydroxypropyl) nitrosamine. In a cocarcinogenicity study, Hassett et al { 17) reported no increase in pulmonary adenomas in All mice treated with urethane followed by exposure to 0.31 and 0.5 ppm ozone.
Our studies were negative for carcinogenicity. There were, however, important toxic effects that did persist throughout lifetime exposure. Lungs from rats from this study are undergoing rigorous morphometric analysis by several investigators. These studies are expected to provide a correlation between the extensive evaluations of the short-term exposures conducted over the past few decades and the more limited long-term exposure studies. Given that human exposures are long-term, it is critical to provide the necessary data so that risk management decisions can be based on a better scientific foundation.
